Abstract. Adipose-derived stem cells (AScs) can easily be obtained and expanded in vitro for use in autologous cell therapy. Via their production of cytokines and neurotrophic factors, transplanted AScs provide neuroprotection, neovascularization and induction of axonal sprouting. However, the influencing mechanism of undifferentiated AScs on nerve regeneration is currently only partially understood. In the present study, undifferentiated AScs and cutaneous primary afferent dorsal root ganglion (dRG) neurons were co-cultured in order to investigate their interaction. AScs were isolated from adult rat fat tissue. The presence of characteristic stem cell markers was determined by flow cytometry in three subsequent passages. Adipogenic, osteogenic, chondrogenic and glial differentiation was performed in order to evaluate their differentiation capacity. A direct co-culture system with dRG cells was established to determine the effect of undifferentiated pluripotent AScs on neurite elongation. Neurite outgrowth, length and number was examined in the co-culture and compared with single-culture cells and cells stimulated with nerve growth factor (NGF). In ASc cultures, NGF expression was assessed by ELISA. The present results demonstrated that the specific mesenchymal stem cell surface markers cd44, cd73 and cd90 were detected in all three subsequent passages of the isolated ASCs. In accordance, ASc differentiation into adipogenic, osteogenic, chondrogenic and Schwann cell phenotype was conducted successfully. Neurite outgrowth of dRG neurons was enhanced following co-culture with AScs, resulting in increased neurite length after 24 h of cultivation. Furthermore, neurite outgrowth of dRG neurons was directed towards the undifferentiated ASc and direct cell-to-cell contact was observed. In summary, the results of the present study revealed an interaction between the two cell types with guidance of neurite growth towards the undifferentiated ASC. These findings suggest that the use of undifferentiated ASc optimizing tissue-engineered constructs may be promising for peripheral nerve repair.
Introduction
Peripheral nerve injury can be caused by accidents, idiopathic damages, iatrogenic injuries or systemic diseases and is typically characterized by loss of sensory and motoric functions downstream of the defect. Approximately 300,000 cases of peripheral nerve injury are reported every year in Europe alone. However, unlike the central nervous system, the peripheral nervous system is characterized by a much higher intrinsic potential to regenerate (1) . The current clinical gold standard for the treatment of peripheral nerve injury is the end-to-end suturing of nerves. In cases where tension-free suture is not possible due to substantial loss of nerve tissue, autologous nerve grafts are used (2) . This, however, shifts the problem of nerve defect to the donor site. Furthermore, it has been demonstrated that, in peripheral nerve surgery, microsurgery of the severed nerve alone fails to address extensive cell death in the dorsal root ganglia (3) . As a result, different research approaches to enhance regeneration of peripheral nerve injuries are being explored.
One such potential approach to enhance nerve regeneration is to administer exogenous growth factors, either directly or entrapped into biodegradable polymeric nano-and microparticles for localized delivery (including silicone, PLGA, PLA or polyphosphoesters of ethylene terephthalate), which may promote axonal regeneration (4) . However, the success in terms of functional nerve regeneration of the described systems and related treatments has been limited. One reason for this failure might be the limitations of the delivery systems, such as inadequate release kinetics, loss of bioactivity, single (rather than multiple) factor delivery and lack of cellular ingrowth. cell-based delivery systems could be an alternative, since the cells can be engineered to overexpress specific growth factors and deliver these agents locally (2) .
Another potential approach that is being investigated is to transplant other cell types into the nerve grafts to aid the process of regeneration, including Schwann cells (Scs) (5) , olfactory ensheathing cells (OEcs) (6) (7), adipose-derived stem cells (AScs) (8, 9) and induced pluripotent stem cells (iPScs) (10) . Stem cells have the potential to increase the number of Scs and prolong their ability to support regeneration. Furthermore, stem cells can promote peripheral nerve regeneration by their ability to differentiate into a Sc phenotype, secrete neurotrophic factors, essential for regeneration, and their potential for myelin formation (11) . Though Scs are the most fundamental cell type for peripheral nerve regeneration, their clinical application is limited due to the inability to isolate a sufficient amount of these cells in a short period of time (12) . Tohill and Terenghi (7), reported that, under appropriate conditions, BMScs can differentiate into non-mesodermal lineages, such as neurons, astrocytes and Sc-like cells (7) . Multiple studies have demonstrated that iPScs have a pro-regenerative effect in small animal models of central and peripheral nervous system injury (13) (14) (15) (16) . The use of ASCs, in specific, may have practical and clinical advantages, since they are characterized by a high proliferation rate and can be derived by liposuction from subcutaneous fat tissue in large quantities with limited donor site morbidity and discomfort (17) . Approximately 400,000 liposuction procedures are conducted in the US every year. Each procedure yields 100-3,000 ml of lipoaspirate tissue (18) , which is a heterogeneous mixture of cells with a high number of AScs (19) . Several protocols have been established to induce neuronal differentiation of undifferentiated AScs, such as treatment with epidermal growth factor and basic fibroblast growth factor (bFGF) in a neural progenitor basal medium resulting in floating neurosphere induction (20) ; additionally, differentiated cells have been used in cell therapeutic approaches (3, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) .
Although AScs have the clear ability to myelinate dorsal root ganglion (dRG) neurons in co-culture (27, 28) , long-term survival of the transplanted cells has been questioned in a study directly addressing this problem (29) . Thus it has been hypothesized that the beneficial effect of AScs in neuroregeneration depends to a large extent on secretion of neurotrophic factors, reduction of inflammation and neuronal loss (30) . For instance, the incorporation of differentiated AScs into dorsal root ganglia significantly increased anti-apoptotic Bcl-2 mRNA expression in dRG neurons (23) . Angiogenesis is also an important factor (31) . Nevertheless, the intrinsic properties of cells in contact with neurons need to be explored in further detail as a prerequisite for optimal application of AScs to enhance and support peripheral nerve regeneration. different strategies have been developed to exploit the therapeutic benefit of ASCs applied to neural damage. While lipoaspirated adipose tissue filled in a segment of epigastric vein impaired functional recovery of a 10 mm gap in a rat sciatic nerve, processing of the adipose tissue to obtain either the stromal vascular fraction or even AScs appears important in the context of nerve regeneration (22) .
Branching of neurons at the site of injury is known to be a dynamic process, generally decreasing over time, as branches that fail to establish functional contact with the periphery are believed to be eliminated. In the present study, the immediate effect of undifferentiated ASc-dRG neuron interaction was examined by a detailed analysis of dRG neurite outgrowth over 24 and 48 h in comparison to single-culture cells and cells stimulated with nerve growth factor (NGF).
Materials and methods
ASC harvest and cell culture. All animals were treated according to the legal and ethical requirements of the German Animal Welfare Act and were approved by the Animal Ethics committee of the Hannover Medical School central Animal Laboratory (approval no. 2014/52). Adipose tissue was obtained from inguinal fat depots of adult male Lewis rats, 8 weeks old, weighing 350-400 g (n=12) supplied by charles River Laboratories (Sulzfeld, Germany). The fat pads were carefully dissected from the rats under inhalation isoflurane anesthesia, subsequently the animals were sacrificed. After rinsing with Hank's balanced salt solution (HBSS; PAA Laboratories; GE Healthcare GmbH, Solingen, Germany) and mincing, the fat tissue was digested with collagenase type I, cLS I (2 mg/ml; Biochrom GmbH, Berlin, Germany) for 60 min at 37˚C under shaking. Following centrifugation for 10 min at 620 x g, at room temperature, the cell pellet was resuspended in ASc culture medium: dMEM/F12 (Biochrom GmbH) with 100 U/ml penicillin, 100 mg/m streptomycin, 0.2 mM L-ascorbic acid-2-phosphate (Sigma-Aldrich; Merck KGaA, darmstadt, Germany), and 10% fetal bovine serum (FBS; Biochrom GmbH). cells were plated on two 150 cm 2 cell culture flasks under standard conditions at 37˚C, 100% atmosphere humidity and 5% cO 2 .
Phenotypic characterization via surface marker expression and flow cytometry. cultured cells (passage 1-3, n=6 per passage) were examined for ASC-specific surface markers using flow cytometry. The following anti-rat antibodies conjugated to fluorochromes or unconjugated were used: cd11b/c PercP-eFluor 710 (cat. no. MA1-81606; eBioscience; Thermo Fisher Scientific, Inc., Waltham, MA, USA), CD44H-fluorescein isothiocyanate (FITC; cat. no. 550974) and cd105-FITc (cat. no. 562762; Bd Biosciences, San Jose, cA, USA), cd45-FITc (cat. no. 202205) and cd90-PE/cY7 (cat. no. 328123; BioLegend, Inc., Fell, Germany), cd34 (cat. no. sc-7324; Santa cruz Biotechnology, Inc., dallas, TX, USA) and cd73 (cat. no. 551123; Bd Pharmingen; Bd Biosciences). For immunolabelling, cells were detached from culture flasks with 0.2% EdTA solution and washed with PBS containing 10% FBS. The cells were blocked with 1% BSA in PBS for 30 min at 4˚C, centrifuged for 5 min at 200 x g, at room temperature, resuspended in PBS and incubated with the primary antibodies (final dilution 1:10) for 50 min at 4˚C. After washing with PBS, the probes with unconjugated primary antibodies were incubated with 1:10 diluted fluorochrome-labeled secondary antibodies bovine anti-goat IgG-PercP-cy5.5 or goat-anti-mouse-IgG-PE (both Santa Cruz Biotechnology, Inc.) for 45 min at 4˚C, washed and analyzed. The probes with conjugated antibodies were analyzed directly after washing with PBS. A Fc500 flow cytometer with cXP-software v2.2 (Beckman coulter, Inc., Krefeld, Germany) was used for evaluation. The means and standard deviations were calculated and statistical significance was evaluated by analysis of variance (ANOVA) and Bonferroni's post hoc test.
Induction of adipogenic, osteogenic, chondrogenic and SC differentiation. In preparation of adipogenic and osteogenic differentiation, AScs in passage 2 were plated at a cell density of 3x10 4 cells/cm 2 into 40 mm dishes and allowed to adhere for 20 h. To induce adipogenic differentiation, the samples were cultured in standard ASc medium supplemented with 1 µM dexamethasone, 0.5 mM 1-methyl-3-isobutylxanthine, 1 ng/ml insulin and 100 µM indomethacin (all from Sigma-Aldrich; Merck KGaA) for 3 weeks. To stimulate osteogenic differentiation, 100 nM dexamethasone and 3 mM β-glycerophosphate (Sigma-Aldrich; Merck KGaA) were added to standard medium over a period of 4 weeks. After fixation with 4% (w/v) phosphate buffered paraformaldehyde (PFA; carl Roth Gmbh & co. Kg, Karlsruhe, Germany), for 15 min at room temperature, differentiation to fat cells was visualized by staining lipid droplets with Oil Red O (Serva, Mannheim, Germany), for 10 min at room temperature, while osteogenic cells were detected by staining of calcium depositions with Alizarin red (Sigma-Aldrich; Merck KGaA) for 1 h at room temperature.
To induce chondrogenic differentiation, 3x10 6 cells were incubated as pellets in an upright centrifugation tube at 37˚C, 5% CO 2 and 100% humidity for three weeks. The differentiated cell pellets were washed with PBS and fixed with 4% paraformaldehyde in PBS, dehydrated, embedded in paraffin, sectioned and stained with Alcian blue.
differentiation to Scs was induced by supplementing standard medium with 1% ITS+ (Bd Biosciences), 1 mM sodium pyruvate (Biochrom GmbH), 40 µg/ml proline, 40 ng/ml dexamethasone (both from Sigma-Aldrich; Merck KGaA), 10 ng/mg TGFβ1 (PeproTech, Ltd., Rocky Hill, NJ, USA). Successful differentiation was evaluated by immunocytochemistry, as described by Kingham et al (32) . For this purpose differentiated cells were trypsinised and replated on µ-slides (ibidi GmbH, Martinsried, Germany) for 2 days. Subsequently, cells were fixed with 4% PFA for 15 min at room temperature and immunostained based on a standard protocol using the primary antibody rabbit anti-S100 (1:500; dako; Agilent Technologies GmbH, Waldbronn, Germany) and the secondary antibody goat-anti-rabbit Alexa Fluor 555 (1:400; Invitrogen; Thermo Fisher Scientific, Inc.).
Cell size analysis and proliferation assay. cultured cells (passages 1-3, n=4 per passage) were analyzed morphometrically, after confluence of 50-70% was reached. A total of five random digital images (2,080x1,544 pixels, 1.15 pixels/µm) at magnification, x4 were captured with an Olympus CKX41 microscope with color View Soft imaging system (Olympus corporation, Tokyo, Japan). Within these images, the surface area occupied by 200 cells was measured using the public domain Java-based image processing and analysis program ImageJ_v1.15g (National Institutes of Health, Bethesda, Md, USA).
At 80-90% conf luence, cells were detached with trypsin-EdTA solution (0.25%/0.02%; Biochrom GmbH), washed, seeded in 6-well plates at 3,000 cells/cm 2 and incubated under standard conditions. After 24 h, the cells of three wells were detached and counted using a Neubauer haemocytometer. The cells in the remaining three wells were detached and counted following 48 h of incubation. dead cells were identified by trypan blue and subtracted from the cell count. The proliferation factor was calculated as the quotient of the cell count at 48 h and the cell count at 24 h for each passage. Means and standard deviations were calculated and statistical significance was evaluated by ANOVA followed by Bonferroni's post hoc test.
DRG harvest and culture. dRG neurons were obtained from 10-week old male Wistar rats weighing 400-500 g (n=8) supplied by charles River Laboratories (Wilmington, MA, USA). Animals were sacrificed under isoflurane anesthesia, ganglia were extracted, washed and incubated in HBSS containing 1.7 mg/ml collagenase A (Roche diagnostics GmbH, Mannheim, Germany). The digested ganglia were gently dissociated in dMEM/F12 + 6% d-glucose (Merck KGaA), centrifuged and washed. Afterwards, a previously prepared 20% BSA solution in dMEM/F12 was overlaid with the resuspended cells and centrifuged. After the liquid layers containing debris were removed and the neurons at the base were resuspended in a modified Bottenstein and Sato medium [dRG medium: dMEM/F12 + 6% d-glucose supplemented with 100 µg/ml BSA, 100 µg/ml transferrin, 100 µM putrescine, 30 nM sodium selenite, 20 nM progesterone, 10 nM insulin (all purchased from Sigma-Aldrich; Merck KGaA), 100 U/ml penicillin and 100 mg/ml streptomycin (PAA)], the neurons were counted and plated onto laminin-coated 12 mm glass coverslips in 24-well plates at 1,000 neurons/coverslip. DRG neuron and ASC co-culture. The dRG neurons were cultured with AScs of passage 2. The cultures were maintained in an incubator at 37˚C with humidified atmosphere and 5% cO 2 . As a negative control, neurons were cultured separately without AScs in normal dRG medium and, as a positive control, neurons were cultured without AScs in dRG medium supplemented with 10 ng/ml NGF (Sigma-Aldrich; Merck KGaA). After 24 and 48 h, the cells were fixed with 4% PFA for 15 min, at room temperature. For immunofluorescence, anti-tubulin β III (MMS-435P; covance, Inc., Princeton, NJ, USA) was used as primary antibody and Alexa Fluor 555 anti-rabbit IgG (cat. no. A32732; Molecular Probes; Thermo Fisher Scientific, Inc.) as secondary antibody. The sections were counterstained with dAPI (Sigma-Aldrich; Merck KGaA). Phase contrast images (2,080x1,544 pixels, 2.9 pixels/µm) of all neurons were taken at x10 objective magnification using the cKX41 imaging system (Olympus corporation). Neurons were analyzed morphometrically using ImageJ software, with the number and length of outgrowing neurites were measured. Means and standard deviations were calculated and tested for statistical significance by ANOVA and Bonferroni's post hoc test (soma diameter), or Kruskal-Wallis-ANOVA followed by Bonferroni corrected Mann-Whitney U-Test (number and length of neurites).
Statistical analysis. data are presented as means + standard deviation. differences between groups were evaluated by ANOVA and Bonferroni's post hoc test (soma diameter), or Kruskal-Wallis-ANOVA followed by Bonferroni corrected Mann-Whitney U-Test (number and length of neurites). Statistics based on the IBM SPSS v.20. (IBM, corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Phenotypic characterization of ASCs by flow cytometry and changes over time with passaging.
AScs were harvested from inguinal fat pads of adult rats as plastic adherent cells through removal of nonadherent cells 24 h after cell harvesting and primary cell seeding. For characterization of the ASCs, cell surface protein expression was detected by flow cytometry (Fig. 1A) . Through all three investigated passages, the majority of cells expressed the characteristic mesenchymal stem cell surface markers cd44 (95.83±2.87%), cd73 (83.92±9.23%), and cd90 (98.23±1.61%), while <5% of the cells were positive for cd11, cd105 and cd34 (Fig. 1B) . Of note, the percentage of cd45-positive cells was 6.15±2.99% at passage 1 and increased significantly to 22.87±21.18% at passage 2 and 25.36±2.18% at passage 3 (Fig. 1B) .
Differentiation capacity of ASCs. As mesenchymal stem cells are able to differentiate into adipogenic and osteogenic lineages, differentiation of isolated cell populations was induced into both directions. After 10 days in adipogenic differentiation medium, the existence of lipid vesicles could be verified by positive staining with Oil Red O (Fig. 2A) . No staining was observed in the non-induced control samples (Fig. 2E) . The osteogenic potential of AScs was also evaluated. Four weeks after osteogenic induction, typical calcified nodules were identified, visualized by Alizarin red staining (Fig. 2B) , in contrast to the non-induced ASc control population (Fig. 2F) . Thirdly, chrondrogenic cells were identified by alcian blue staining in chondrogenicly-induced AScs (Fig. 2c) , while none were detected in the control non-induced samples (Fig. 2G) .
To demonstrate neuronal differentiation capacity, AScs were successfully differentiated into a Sc-like phenotype. After 2 weeks of induction, cell shape alteration was observed from a flat, fibroblast-like structure into a spindle-shaped morphology, similar to Scs used as control (Fig. 2H) . Successful differentiation to SC-like phenotype was further confirmed by detection of S100 expression (Fig. 2d) . At all three passages, the majority of cells expressed the specific mesenchymal stem cell surface markers cd44, cd73 and cd90, whereas <7% of the cells were positive for cd11, cd105 and cd34. The % of cd45 was 6.15±2.99% at passage 1 and increased to 42.36±2.18% at passage 3. data are presented as means + standard deviation. 
Morphologic characterization of ASCs and effect of cell passaging.
AScs appeared as large and flat cells with a fibroblast-like, irregular shape. The cells continuously proliferated without significant changes in their fibroblast-like morphology until passage 3 (Fig. 3A) . The proliferation rate was stable; the observed minimal decrease in proliferation rate with increasing passage numbers, from a 2.9-fold at 24 h at passage 1 to a 2.3-fold at 24 h at passage 3, was not statistically significant (Fig. 3B) . The cell size of subconfluent ASCs in progressive stages of cell culturing was increased by 82% in passage 3 compared with passage 1 (Fig. 3B) .
Directed neurite outgrowth in co-culture with ASCs.
Undifferentiated AScs of passage 2 were co-cultured with freshly dissociated dRG neurons as an in vitro model of neurite outgrowth. Apart from the experimental group consisting of the co-cultured AScs and dRG neurons, two control groups were used. The first contained neurons in single culture (DRG group) as a negative control, while the second contained neurons in dRG medium supplemented with NGF (NGF group) as a positive control. Under the culture conditions, neurites protruded from the seeded cells within 24 h in culture verified by immunostaining of β-III-tubulin (Fig. 4) . After 48 h, the number of neurites increased in all approaches, although the highest number of neurites was observed in the cultures supplemented with NGF (Fig. 4) . In co-cultures with undifferentiated AScs, an alignment of neurites along the AScs could be observed, while AScs themselves did not express β-III-tubulin (Fig. 4) . To quantify the effect of ASCs on dRG neurons, several parameters were evaluated: percentage of neurons that formed neurites, number of neurites per neuron, mean and total length of neurites per neuron (Fig. 5A) .
After 24 and 48 h of culture, the neurite outgrowth was compared between the three groups. Within few hours numerous neurons started to form neurites in all culture conditions. After 24 h, 46±16% of neurons in single culture and 56±13% of neurons in co-cultures exhibited neurites. At 48 h, 82±8% and 92±6%, respectively, formed neurites.
Both after 24 and 48 h, no significant difference was observed regarding the number of neurites per neuron formed in the three groups (Fig. 5A-a) . ASc co-culture, however, appeared to have an influence on the neurite length at early time points. After 24 h, the mean length of neurites was significantly increased in the co-cultures compared with the dRG group (P=0.003; Fig. 5A-b) . After 48 h, a statistically significant difference between the three groups could not be detected any more (Fig. 5A-b) . Similar results were observed when the whole length of neurites per neuron was analyzed (Fig. 5A-c) .
According to the stimulating influence on neurite elongation, light microscopic analyses of the co-culture systems between AScs and dRG neurons revealed a directed neurite elongation towards the AScs. The neurites established direct contact with the ASc (Fig. 5B) .
Discussion
The present study examined the feasibility of using AScs as a source of stem cells for the differentiation of dRG neurons by an in vitro co-culture approach. Previous studies have demonstrated that rat AScs can be differentiated toward a Sc-like phenotype, which promotes neurite outgrowth and myelination (33, 34) . In addition, AScs secrete a plethora of growth factors that can mediate angiogenesis, wound healing, tissue regeneration and immune cell reactions (35, 36) . In the regeneration of the nervous system, AScs produce a wide variety of neurotrophic factors which can enhance neurite outgrowth and provide neuroprotection (37) (38) (39) (40) . It has been demonstrated that ASc-derived soluble factors in ASc-conditioned medium supported survival and proliferation of Scs and promoted neurite outgrowth in dRG neurons (41) . However, the early effects of cell contact between undifferentiated ASc and dRG neurons have not been investigated to date. The present study demonstrated that neurite outgrowth of dRG neurons was enhanced by co-culture with AScs, as evidenced by increased neurite lengths even after short periods of co-culture at 24 h. Acceleration of neurite length is of particular interest in peripheral nerve regeneration because the time period for successful regeneration is limited. Axonal regeneration and irreversible loss of neurovascular junction integrity are simultaneous ongoing processes, as long as the regenerating nerve has not reached its effector. Additionally, neurite branching was not increased in the present study, indicating that axonal sprouting is controlled by decreasing collateral axonal branching and possible reduced risk of neuroma formation (42) .
The ASc populations were expanded over three passages without losing their proliferative capacity, which is in line with the findings of Mantovani et al (43) , who described ASCs isolated from young adult rats with a significant reduction in their proliferation rate only starting with passage 20. Nevertheless, there was a significant increase in cell size at passage 3, indicating cellular senescence (44) . As an influence of replicative senescence on secretion of neurotrophic factors cannot be excluded (43) , high passaging of AScs was avoided in the present study and only cells from passage 2 were used for co-culture experiments.
The isolated AScs were successfully characterized, as required by the International Society for Cell Therapy, for their expression of MSC-specific surface markers and their differentiation capacity into adipocytes, chondrocytes and osteoblasts. As expected, the primary cell cultures displayed a great percentage of cd44, cd73 and cd90-positive cells. High expression rates of cd44 have also been regarded as important for stemness of different adult stem cells (45) , which might compensate for low levels of cd105 expression. The impact of cd105 expression on aspects of nerve regeneration is so far unknown and has to be characterized in further studies. In the present study, analysis of cd45 expression, a marker for hematopoietic lineage, revealed that its expression in the AScs continuously increased from passage 1 to passage 3. In the present study, analysis of cd45 expression, a marker for hematopoietic lineage, revealed that its expression in the AScs continuously increased from passage 1 to passage 3. An increase in cd45 expression has also been described for late ASc passages in a previous study, which may indicate the ability of ASc long-term cultures to activate the immune response or an inclination towards hematopoietic differentiation (46) . Proliferation rates of AScs isolated from animals of different ages showed no significant difference and only small numbers of cd45-positive cells were contained in the cultures (41) . The results of the present flow cytometry analyses confirmed the presence of MSC surface markers (cd73, cd90, cd44 >80%; cd11, cd105, cd34 <5%; cd45 >6% and <25%). Furthermore, the differentiation capacity of the isolated AScs into adipocytes, chondrocytes and osteoblasts was confirmed. The present panel of surface markers does not fully meet the criteria introduced by dominici et al (47) . However, based on the present surface phenotype analysis, in conjunction with the differentiation functional criteria, the isolated ASC cultures were confirmed based on the current state of knowledge. Strict observation of the cultures concerning their proper phenotype, differentiation and senescence is an important factor for optimized results concerning stimulation of neurite growth. These findings were taken into account in the experimental design of the present study, avoiding high passages of the cells. These strict criteria will also be important for future studies in vivo.
Furthermore, the AScs in passage 2 could successfully be induced for chondrogenic, osteogenic, adipose and glial cell lineage differentiation. Additionally, it was demonstrated that AScs could be differentiated into a functional Sc-like phenotype, expressing markers S100 and enhancing neurite outgrowth in vitro. The ASc neurotrophic potential has also been confirmed by in vivo peripheral nerve repair studies (48, 49) , indicating that adult stem cells may be of benefit for treatment of peripheral nerve injuries.
A direct contact of severed nerves with growth factors, such as NGF, can lead to extreme pain and hyperexcitability (6) . Therefore, the use of AScs as a source of growth factors in the clinic may be advantageous, because an uncontrollable growth factor supplementation might lead to severe side effects. This is in contrast to differentiated AScs where secretion in high amounts of neurothrophins and growth factors was demonstrated (41). This does not exclude the ability of undifferentitated AScs to produce growth factors, but their production and secretion of growth factors might be more targeted than an unspecific, uncontrollable exogenous supplementation. As cell-to-cell contact in co-culture with direct neuritic contact on the cell surface of the undifferentiated AScs was observed in the present study, the positive neuronal influence might be based on other cell signaling mechanisms or direct crosstalk between the cells.
In the present study, undifferentiated AScs were used due to their advantages in regard to possible clinical applications.
The majority of studies have demonstrated the efficacy of ASCs following glial differentiation (50) . In the case of a potential clinical transfer, the application of unaltered cells is preferable. This underlines the need for a more detailed knowledge regarding the interaction and efficacy of undifferentiated AScs on injured neurons, in order to optimize the healing results and to reduce undesired side effects.
The present results demonstrated that undifferentiated ASCs significantly enhanced the speed of DRG neuron neurite growth in a co-culture system. This effect is important for nerve injury treatment, as a quick growth of neurites is crucial for success in peripheral nerve regeneration. These findings indicate that undifferentiated AScs may have promise as a method of direct transplantation in peripheral nerve regeneration.
